Abstract. This paper presents recent results for 5 Scuti stars based on measurements obtained by WET/Delta Scuti Network as well as theoretical modeling of the pulsation modes. In particular, the two stars in different stages of evolution, FG Vir and 4 CVn, are discussed. For 4 CVn, the XCOV13 campaign has revealed 34 frequencies, which sets a new record for 6 Scuti stars. Preliminary mode identifications are presented, indicating pulsation in low radial order and low degree (I = 0 to 2). The star shows strong amplitude variability with timescales of ten years or longer, although for neighbouring years the amplitudes usually are similar. The cyclic behavior of the amplitude variations excludes an evolutionary origin. The pulsation mode at 7.375 c/d exhibits the most rapid decrease found so far: the V amplitude dropped from the highest known value of 15 mmag in 1974 to 4 mmag in 1976 and 1 mmag in 1977. After that the mode has been increasing in amplitude. There exists a phase jump between 1976 and 1977, suggesting the growth of a new mode.
INTRODUCTION
The Ö Scuti stars are pulsators situated in the classical cepheid instability strip on the main sequence or moving from the main sequence to the giant branch. In general, the period range is limited to between 0.02 d and 0.25 d. This limit provides a good separation from the neighboring or overlapping groups of pulsators in the Hertzsprung-Russell Diagram, such as roAp, Gamma Dor and RR Lyrae stars.
Some S Scuti stars are (pure) radial pulsators, while the majority pulsate with a large number of nonradial p-modes simultaneously. The nonradial pulsations of <5 Scuti stars found photometrically are low-degree (i < 3) and low-order (n = 0 to 7) p-modes, while spectroscopic studies have confirmed the presence of high-degree nonradial modes with I up to 20 (e. g. for the star r Peg, Kennelly et al. 1998 ).
The 5 Scuti stars represent a transition between the cepheidlike large-amplitude radial pulsation of the classical instability strip and the ocean of nonradial pulsation occurring in the hot half of the Hertzsprung-Russell Diagram. Many excited modes show photometric amplitudes in excess of 0.001 mag, which makes it possible to study these stars photometrically. The position of S Scuti stars on and slightly above the main sequence permits the asteroseismological comparison between oscillation data and stellar models in a region where the basic stellar structure is regarded as relatively well known.
ASTEROSEISMOLOGY
At the risk of oversimplification, one can divide the different approaches to S Scuti star asteroseismology into three types:
(i) The minimal approach One of the early successes of asteroseismology concerned the matching of the observed and computed period ratios of Population I high-amplitude 5 Scuti stars (HADS). Although 'only' two frequencies were observed, the accurate period ratios provided strong evidence for the validity of the OPAL/OP opacities. We note that this agreement is based on the fortunate situation that the HADS pulsate with low-order radial modes so that the mode-identification problem does not exist. This success leads to the question whether or not such a minimal approach could also work for nonradially pulsating stars.
An example of the Minimal Approach is given in the study of HR 5437 by Liu et al. (1999) . Two frequencies of pulsation were derived, while independent mode identifications were not available (a common situation). Reasonable values of and Teff were derived from narrowband uvby/3 photometry and a mass estimated. Stellar evolution and pulsation models were used to pick the modes with closest frequency match. For HR 5437, the two modes were identified with I -0, n = 4; and t = 1, n = 1. The difficulty with this type of Main pulsation frequencies for XX Pyx (near ZAMS), FG Vir (near ZAMS) and 4 CVn (evolved). The horizontal scale was adjusted for each star to correct for the different stellar mean densities. Detected pulsation frequencies which could be identified with combinations /¿± fj or 2/ terms were omitted. The diagram shows that the location and width of the excited frequency region varies from star to star even after the differences in mean densities have been corrected for.
analysis is that neither the mode identifications nor the model fits are unique.
(ii) Ensemble asteroseismology Here the problem of the relative lack of information on any individual star is solved by the study of six or more stars in the same star cluster. These stars are expected to have a common age and metallicity. Furthermore, since the distance to the cluster is known, an additional uncertainty is reduced. The best examples of such studies are found for the variables in the Praesepe cluster (Arentoft et al. 1998 , Michel et al. 1999 ). Michel et al. chose to omit mode identifications and to model the observed frequencies directly. This eliminates the uncertainties associated with mode identifications but increases the number of free parameters and the associated problem with uniqueness of the models. The initial results for the six stars considered are quite promising and already indicate that the value of the mixing-length parameter can be constrained.
(iii) The direct approach This method recognizes the fact that the successes of helioseismology are a consequence of the large amount of data available. Consequently, for a carefully chosen single 5 Scuti star a maximum of information is obtained with different techniques optimized for specific deductions. At the present stage, high-precision photometry is used to derive 30+ frequencies of pulsation per star. Because of cancellation effects across the stellar surface, the modes detected by photometry have low I values. If the photometry is multicolor, the phase differences can be used to identify the i values. Since millimagaccuracy photometry for most 5 Scuti stars can be obtained on a telescope of 1 m or smaller, a multisite campaign with hundreds of hours can be organized without major difficulties. This is not so for spectropic studies, for which larger telescopes are required. Consequently, the spectroscopic studies are generally only a week or two in length. The spectroscopic data are too few for reliable determinations of 30+ frequencies, but are essential for mode identifications. The line-profile analyses can identify both the I and m values.
Finally, the large number of frequencies and mode identifications allow the astronomer to distinguish between a large number of different models. The uniqueness problem mentioned above is considerably reduced, but is strongly dependent on a sufficient number of mode identifications being available. Especially for the modes with amplitudes of 1 mmag or smaller these are difficult to obtain.
The direct approach is applied by WET/Delta Scuti Network in their studies of S Scuti stars. Below we will present the results of two recent studies of FG Vir and 4 CVn, respectively. The results for a third star, XX Pyx, are presented in a separate paper in this volume. These three stars represent three different stages of evolution and are compared in Fig. 1 . 
FG Vir
Based on the distance determination for FG Vir and the phase difference between v and y, the 12.15 c/d mode is identified with the radial fundamental. The modes at 9.20 and 9.66 c/d have been identified with t=2 modes of mixed p-and g-mode character (Breger et al. 1999a ). The high Q values of these modes cannot be explained by pulsation with pure p modes. The star FGVir provides some of the best available observational confirmation of the presence of mixed p/g modes in 6 Scuti stars.
It needs to be pointed out that from an observational point of view, a different explanation involving the errors in the derived Q values must be considered. In fact, if we use uvbyfi photometry alone, changing the Q value by only one standard deviation could identify the 12.15 c/d as the radial first overtone, rather than the fundamental mode. Note that the phase difference method fixes the radial nature of this mode (Fig. 2) . Such a hypothetical change of the Q values from the radial fundamental to the first overtone mode would weaken the observational evidence for the required presence of mixed modes in the star. A much tighter constraint is provided by the Hipparcos parallax, which predicts an absolute magnitude of M v = 1.95 ± 0.13, leading to Q = 0.035 ± 0.003 for the 12.15 c/d mode (see appendix). We have used 1.85 solar masses (derived from evolutionary models) and the temperature range of 7400 to 7500 K (derived from uvbyfi photometry). The identification of the 12.15 c/d mode with the radial first overtone can be rejected at the 3 standard deviation level.
THE EVOLVED STAR 4CVn
The star 4CVn is the best-studied cool, evolved S Scuti star so far (Breger et al. 1999b , Breger 2000 . It may be typical for the stars in that part of the Hertsprung-Russell diagram: stars of similar luminosity and temperature such as HD 2724 = BB Phe (Mantegazza & Poretti 1999) and 5 Scuti (Templeton et al. 1997) show some of the same properties.
During 1996 and 1997, the Delta Scuti Network obtained 529 hours of photometric data on three continents for the evolved S Scuti variable 4 CVn. 34 statistically significant frequencies were detected (see Table 1 ). Of these, 16 can be identified as linear combinations of other frequencies. All significant frequencies outside the 4.5 to 9 c/d (52 to 104 ¿/Hz) range can be identified with frequency combinations, fi ± fj, of other modes with generally high amplitudes. There exists a number of closely spaced frequencies with separations of ~ 0.06 c/d. Numerical tests indicate that this cannot be explained as an artefact of amplitude variability.
The results for 4 CVn show that even for stars on and above the main sequence other than the Sun, a very large number of simultaneously excited nonradial oscillations can be detected by conventional means.
For the ten modes with largest photometric amplitudes, mode identifications based on photometric phase differences between y and v have been derived. These are shown in the bottom panel of Fig. 3 . The phase differences indicate p\ to P4 modes of I = 1 for four of these modes. The average frequency difference between these successive radial orders is in agreement with the expected value from the mean density of the star. Furthermore, incomplete rotationally split groups are seen for I = 1 and I -2. At the present time, spectroscopic line-profile measurements of 4 CVn are not yet available, so that a confirmation of the photometric mode identification as well as a determination of m values are not yet possible. Nevertheless, the present results already show that with a relatively small increase in data it might be possible to identify complete triplets or quintuplets in order to provide observationally measured rotational splitting.
Since all pulsation modes with photometric amplitudes of 1 mmag or larger have now been detected for this star, a presently unknown mode selection mechanism must exist to select between the 1000+ of low-degree modes predicted to be excited for this (and many other) evolved stars. In fact, the preliminary mode identification of the detected modes of 4 CVn indicates a relatively simple pattern involving almost evenly spaced adjacent radial orders of low-degree modes with rotational splitting. The presently ununderstood mode selection mechanism operating in 4 CVn also applies to other S Scuti stars. We note that 6 out of the 13 known frequencies of HD 2724 have values within 0.05 c/d of frequencies known for 4 CVn. Since chance agreements can be mathematically proven to be surprisingly (at least to the author) common, we have calculated the probability of such a chance agree-ment between the two stars: the probability is essentially zero. The agreement does not mean that there are magic frequency values: a simple interpretation is that the stars share a similar mean density and mode selection mechanism.
We now turn to the amplitude variability of 4 CVn. The are considerable amounts of photometric data available covering the years 1966 to 1997. The knowledge of the frequency spectrum from the two years 1996 and 1997 makes it possible to reanalyse the available data from the previous decades in order to see which of the 34 known frequencies are also present in the older data and to examine the amplitude variability in these earlier years. The results of the reanalysis (Breger 2000) are shown in Fig. 4 and can be summarized as follows:
(i) 4 CVn shows strong amplitude variability with time-scales of ten years or longer, although for neighbouring years the amplitudes usually are similar. Seven of the eight dominant modes show annual variability of ~ 12%. The variability increases to ~40 % over a decade.
(ii) The cyclic behaviour of the amplitude variations excludes an evolutionary origin of the amplitude variability. Here the word 'cyclic' means that the amplitude changes reverse themselves again on a time-scale of a decade or longer.
(iii) The pulsation mode at 7.375 c/d exhibited the most rapid decrease found so far: the V amplitude dropped from the highest known value of 15 mmag in 1974 to 4 mmag in 1976 and 1 mmag in 1977. After that the mode has been increasing in amplitude. The extensive new data from 1996/7 make it possible to derive a value of 7.3752 c/d. The frequency fits both the 1974-1976 and 1977-1978 This result suggests, but does not prove, the re-excitation of the mode between 1976 and 1977. Another interpretation in terms of nonlinear mode interactions could be considered: Moskalik (1985) examined the problem of resonant coupling of an unstable mode to two lower frequency stable modes. For 5 Scuti stars such an approach means that a low-order radial or nonradial unstable mode interacts with two stable gravity modes. The coupling can result in a periodic amplitude modulation as well as a large, sudden jump of pulsation phase. The comparison of observed frequencies with pulsation models requires the determination of the values of the pulsational constant, Q, for each frequency, i.e. the stellar mean density needs to be known. The Q value can be computed from logQ = -log / + 0.5 logg + O.lA/boi + lo g r eff -6.456,
where the frequency, /, is measured in c/d. Narrow band uvbyfi photometry is superbly suited towards deriving these values. However, two separate calibrations need to be applied: the absolute magnitude calibrations by Crawford (1975 Crawford ( , 1979 and separate model atmosphere calibrations to derive g and T e ff. It is not always recognized that there exist some difficulties with this procedure, which can lead to surprisingly large uncertainties.
A number of different model-atmosphere calibrations have been carefully established to derive the values of the surface gravity, g, and temperature, T e ff. They differ from each other in a systematic way based on the assumptions used for the model-atmosphere calculations as well as which ZAMS was adopted. Note that the ZAMS established by Crawford for the absolute magnitude calibrations is usually not identical to the ZAMS obtained by stellar evolution models. This incompatibility can lead to strange results.
It is possible to estimate the uncertainties caused by this problem by computing a consistency mass *, A4, from the atmospheric parameters by * With the luminosity derived from atmospheric parameters alone (such as uvby(3 photometric indices), the real mass of the star is not found. The procedure of calculating the mass, A4, involves a circular argument: the photometric luminosity calibration is based on the assumption that the star has a 'normal' Population I value of the mass. With correct and consistent calibrations, only this implicitly assumed value can be found. Any deviations found from the 'normal' value are a sign of imperfect calibrations and not the stellar properties. Consequently, the stellar mass value required for the theoretical models should not be determined from Equation (2).
We have chosen a number of different commonly used g, T e ff calibrations and calculated the consistency mass values across the Crawford ZAMS. The hoped-for agreement with the evolutionary masses is not found. Crawford (1975 Crawford ( , 1979 were used. The expected evolutionary masses are shown for comparison. Note that the deviations from the expected evolutionary mass can be as large as 0.2 in log Ai or ~50 % in mass. This translates to an error of up to 25 % in the computed Q-value. This is shown in Fig. 6 , which compares these consistency masses for different calibrations. The curve called 'Final calibration' refers to an unpublished new calibration by Villa (1998) and the author. This calibration attempts to shift the theoretical Smalley & Kupka (1997) Crawford ZAMS or the model atmopsheres. At this stage, a recommendation of which calibration is most reliable cannot be made. The present author uses the Breger (1977) grid, while the Moon & Dworetsky (1985) grid has also been applied by some workers in the field.
To summarize, the standard method of calculating Q values from photometric parameters alone, is subject to systematic errors as large as ~ 25 % based on uncertain and incompatible calibrations. For the average star in the instability strip, the uncertainty is smaller, viz. ~10%. This uncertainty is on top of a random uncertainty of ~18% caused by the standard photometric observing uncertainty of the uvby/3 parameters (Breger 1990 ). These uncertainties must be taken into consideration when the observed frequency spectrum is compared with different models.
It is advisable to replace the uncertain log g value, which is often afflicted by systematic errors, by a stronger dependence on Mboi and the introduction of a (small) mass term. Such a scheme is especially useful if an accurate (Hipparcos) parallax is available, i. e. M\> 0 \ is accurately known.
If we substitute the solar values Mbd,© = 4.75 and T e ff <0 = 5770 K into the period-luminosity-temperature-mass relation (Equation 2), and rearrange the terms, we find log Q = -log / + 0. For stars with accurately determined distances, the most important term, Mbd, is known. The temperature is usually obtained from one of the available model atmosphere calibrations, while the mass term can be estimated from the evolutionary models, i. e., the position of the star in the Hertzsprung-Russell diagram.
